2 The abbreviations used are: T1D, type 1 diabetes; APS-1 (APECED), autoimmune polyendocrinopathy type 1 syndrome; AIRE, autoimmune regulator; HSR, homogenously staining region; PHD, plant homeodomain; TRA, tis-sue-restricted antigen; hTEC, human thymic epithelial cell line; SAND, Sp100, AIRE-1, NucP41/75, DEAF-1.
INS-VNTR (insulin-variable number of tandem repeats) and AIRE (autoimmune regulator) have been associated with the modulation of insulin gene expression in thymus, which is essential to induce either insulin tolerance or the development of insulin autoimmunity and type 1 diabetes. We sought to analyze whether each functional domain of AIRE is critical for the activation of INS-VNTR in human thymic epithelial cells.
Twelve missense or nonsense mutations in AIRE and two chimeric AIRE constructs were generated. A luciferase reporter assay and a pulldown assay using biotinylated INS-class I VNTR probe were performed to examine the transactivation and binding activities of WT, mutant, and chimeric AIREs on the INS-VNTR promoter. Confocal microscopy analysis was performed for WT or mutant AIRE cellular localization. We found that all of the AIRE mutations resulted in loss of transcriptional activation of INS-VNTR except mutant P252L. Using WT/mutant AIRE heterozygous forms to modulate the INS-VNTR target revealed five mutations (R257X, G228W, C311fsX376, L397fsX478, and R433fsX502) that functioned in a dominant negative fashion. The LXXLL-3 motif is identified for the first time to be essential for DNA binding to INS-VNTR, whereas the intact PHD1, PHD2, LXXLL-3, and LXXLL-4 motifs were important for successful transcriptional activation. AIRE nuclear localization in the human thymic epithelial cell line was disrupted by mutations in the homogenously staining region domain and the R257X mutation in the PHD1 domain. This study supports the notion that AIRE mutation could specifically affect human insulin gene expression in thymic epithelial cells through INS-VNTR and subsequently induce either insulin tolerance or autoimmunity.
Type 1 diabetes (T1D) 2 is defined by absolute loss of insulin secretion due to the autoimmune destruction of insulin-pro-ducing ␤ cells in the pancreas. There are a few target autoantigens identified in ␤ cell autoimmune destruction with insulin and pro-insulin auto-antibodies detected in 23 and 34% of T1D patients, respectively (1, 2) . The autoimmune polyendocrinopathy type 1 syndrome (APS-1 also known as APECED) is an autosomal recessive, monogenic form of human autoimmunity that is characterized by autoimmune destruction of multiple endocrine organs and defective cell-mediated immunity (3, 4) .
In 1997 an autoimmune regulator (AIRE) gene, which underlies APS-1, was identified on chromosome 21q22.3 using a positional cloning strategy (5, 6) . The specific domains that the AIRE protein contains include (i) the N terminus of a homogenously staining region (HSR) domain and/or caspase recruitment domain (CARD), which is believed to be involved in dimerization and/or caspase recruitment (7, 8) , (ii) a nuclear localization signal, (iii) a SAND (Sp100, AIRE-1, NucP41/75, DEAF-1) domain, which is thought to be involved in DNA binding (9) , and (iv), two plant homeodomain (PHD) type zinc fingers (10, 11) and four LXXLL motifs (12) . The AIRE protein has been shown to activate hundreds of tissue-restricted antigen (TRA) expression in medullary thymic epithelial cells. The expression of TRA modulates the induction of self-antigen recognizing T-cells for negative selection, thereby inducing tolerance of the TRAs (13) (14) (15) . Insulin is one of those TRAs specific for T1D that is differentially expressed in the thymus and is modulated by an insulin-variable number of tandem repeats (INS-VNTR) and AIRE (16) . The absence of insulin in the thymus induces insulin autoimmunity and the risk of developing T1D (17) . The AIRE knock-out animal model supported that AIRE controls autoimmunity by regulating TRA expression in medullary thymic epithelial cells (18) . In this study we analyzed AIRE functional domains using a T1D-specific target, INS-VNTR, which contains a unique polymorphic tandem repeat sequence with the insulin basal promoter. The combination of AIRE mutation and the diabetic risk INS-VNTR haplotype could predispose individuals to insulin autoimmunity. The mutations in AIRE that we selected span the different functional domains so that we could investigate the contribution of each domain in the AIRE/INS-VNTR interaction and its transcription function. The dominant negative activity was assessed because the APS-1 mutations are mostly autosomal recessive except for the G228W mutant that was reported as a dominant negative (19) . Four additional AIRE mutants behaved in a dominant negative fashion as assessed by INS-VNTR target transcription. The significance of the current study is to identify the AIRE functional domain for the transcriptional activation, binding of the INS-VNTR, and the cellular translocation in thymic epithelial cells.
Experimental Procedures

AIRE Mutant Constructs and Generation of Chimeric
AIREs-All AIRE mutant plasmids were prepared from the backbone plasmid of wild-type (WT) AIREs and generated using a site-direct mutagenesis kit (Stratagene, La Jolla, CA), verified by DNA sequencing, and protein expression. The primer pairs containing each individual mutation used are listed in Table 1 . Two chimeric AIREs were constructed using primers that would amplify AIRE amino acids: 1-257, 397-433, and 397-545 ( Table 2 ). The chimeric AIREs were R257-LXXLL-3 (amino acids 1-257) and 397-433 and R257-LXXLL-3-PHD2 (amino acids 1-257 and 397-545). The entire class I-VNTR and insulin basal promoter were synthesized as a biotin-INS-class I-VNTR probe for pulldown experiments. The biotin probe was constructed by using biotinylated primers (biotin-5Ј-TCACACGGAAGAATGAGGTC and biotin-5Ј-TTTGCAGCCTGTCCTGGAGG) to amplify class I-VNTR (20) . An unrelated biotin-probe was generated using biotinylated primers (biotin-5Ј-AGGCTATGAAGAGATACGCC and biotin-5Ј-CCTTGTCAATCAAGGCGTTG) for negative control. Ad-AIRE viral vector was generated in a previous study (16) .
Luciferase Reporter Assay-The human thymic epithelial cell line (hTEC) derived from cortical epithelium (21) was cultured in RPMI 1640 medium with 1ϫ penicillin/streptomycin and 10% FBS. Transfection was performed using Lipofectamine 2000 (Life Technologies). INS-VNTR-luciferase vectors were generated in a previous study (16) . For the transfection assay, equal moles of promoter equivalent were used (ϳ50 ng). Luciferase activities were normalized with a co-transfected TK-Renilla plasmid (10 ng) (Promega, Madison, WI). AIRE cDNA (100 ng) was transfected because the endogenous AIRE protein is not detected in the hTEC cell line (22) . For the heterozygous expression of WT and mutant AIRE proteins, equal amount of expression vectors were introduced (50 ng each). Luciferase activities were measured using the Dual-Glo luciferase assay kit (Promega) from four to six experiments.
Western Blot Analysis-After transfection of HEK-293 cells with WT, mutant, or chimeric AIRE, samples were collected and separated on 10% SDS-PAGE gel and probed with a goat anti-AIRE antibody (Abcam, Cambridge, MA). In addition, a second rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was used to detect the AIRE proteins that had been pulled down using the biotin-INS-class I-VNTR probe. Signals were visualized using a chemiluminescence kit (Pierce). The BCA assay was performed for equal protein loading. Anti-actin was used as control. In the pulldown experiment, HEK-293 cells were transfected with WT, mutant, or chimeric AIRE for 72 h. Cell lysate (200 g) was incubated with biotin-INSclass I-VNTR probe or unrelated probe (300 ng) overnight at 4°C. The protein/DNA probe mixture was incubated with streptavidin-agarose (Thermo Scientific) for 1 h at room temperature and washed 4 times in pulldown buffer. The DNA-protein complex was subjected to SDS-PAGE. AIRE protein was detected by Western blot analysis using rabbit anti-AIRE antibody.
Confocal Microscopy Analysis-hTECs were seeded on coverslips and transfected with WT or mutant AIRE. After 72 h the cells were fixed with 4% formaldehyde and stained with rabbit anti-AIRE followed by Alexa Fluor 488-conjugated goat antirabbit IgG and DAPI. The coverslips were mounted and viewed using an inverted Zeiss LSM 510 microscope. Zeiss LSM and Axiovision software was used to analyze the images. (2) .
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Statistical Analysis-All values were corrected and expressed relative to a control group. Results were presented as the mean Ϯ S.D. Statistical analysis was assessed by one-way analysis of variance comparison of multiple groups using the Tukey-Kramer test with differences at a p value Ͻ 0.05 considered as significant.
Results
Construction of 12 AIRE Mutants Derived from APS-1
Patients-We selected 12 of the AIRE gene mutations spanning different functional domains to study which domain of AIRE is essential for INS-VNTR target activation ( Fig. 1 ). The mutants were constructed using a site-directed mutagenesis kit and confirmed by DNA sequence analysis and protein expression. In Fig. 1 , eight of the point mutations (L28P, L29P, W78R, L93R, G228W, P252L, C311Y, and P326Q) harbor a single amino acid substitution with identical protein molecular weight as shown by Western blot analysis (23) (24) (25) . Four other mutations, R257X, C311fsX376, L397fsX478, and R433fsX502, introduce nonsense frameshift and premature stop codons that resulted in truncations of the AIRE protein and thus a smaller molecular weight (9, 26) . The most prevalent mutation, R257X, is the common Finnish APECED mutation found in 83% of the Finnish APECED chromosomes (9) . The other regions more susceptible to mutations are located in exons 2 and 10 (27) . The transfected AIRE mRNA levels are shown using RT-PCR.
Transcription Activation of INS-VNTR Target with AIRE or AIRE Mutants-We measured the transcriptional activation of an INS-class III-VNTR-luciferase reporter using either WT or mutant AIRE. In Fig. 2A , the first four mutants (L28P, L29P, W78R, and L93R) located at the HSR domain displayed very little transcriptional activity. Because the HSR domain has been linked to the dimerization of AIRE (28) , mutations in this domain may affect the formation of a functionally active complex for transcriptional regulation (7) . The next three mutants (G228W, P252L, and R257X) are located at the SAND domain, which was previously suggested as the domain for DNA binding (9) . Our reporter assay showed the G228W and R257X mutants completely lost their ability to activate the INS-class-III-VNTR, in contrast to the P252L mutant that has higher activity than WT-AIRE. The differences between these three mutations that are located in the same functional domain suggest that mutants G228W and R257X disrupt an essential function of AIRE, whereas the other mutant (P252L) retains or enhances its functionality. The mutants (C311Y and P326Q) lost ϳ50% of the activity due to a single amino acid mutation. Although there is a decrease in efficiency of activation, the mutants partially retain their functionality. The other three mutants (C311fsX376, L397fsX478, and R433fsX502) contain a single amino acid mutation that resulted in a frameshift of the subsequent coding sequence and express truncated proteins. A 75-80% reduction in activity was measured. The 11 AIRE mutants show diminishing transcriptional activity of up to Ͼ90% of the WT activity except P252L, which shows higher activity than WT-AIRE ( Fig. 2A) .
We further tested the AIRE mutants co-transfected with WT-AIRE as the heterozygous form in regulating INS-class III-VNTR transcription. As shown in Fig. 2B , the first four HSR domain mutants when expressed with WT show no hindrance of WT-AIRE activation of INS-VNTR and have levels similar to that of WT/WT. This could be due to the inability of mutants L28P, L29P, W78R, and L93R to form a heterozygous dimer with WT-AIRE and consequently voiding the ability to hinder WT-AIRE functionality. Activation of INS-VNTR by C311Y/ WT-AIRE is restored to the activity of WT/WT, indicating that this mutation and the mutants L28P, L29P, W78R, and L93R can function in an autosomal recessive fashion consistent with APS-1 patients. However, mutant 326 shows a 35% reduced activity, and the truncated AIREs R257X, C311fsX376, L397fsX478, and R433fsX502 show 75-80% reduced activities when mutant and WT form heterozygous complexes to activate the INS-VNTR. This drastic decrease of WT-AIRE activation suggests that these mutants and G228W may function in a dominant negative fashion like the G228W-mutant previously reported (19) . Certain mutants do not exhibit blocking activity toward WT AIRE (such as L28P, L29P, W78R, L93R, P252L, C311Y, and P326Q) as they contain a relatively intact C-terminal portion of the AIRE, which is important for the INS-VNTR transcriptional activity. Four of the five dominant negative mutants (except G228W) have a truncated C terminus that lacks INS-VNTR transcriptional activity. Our study indicates that the integrity of the C terminus containing two PHD domains or at least the PHD2 domain and the last two LXXLL motifs is important for transcriptional activity.
AIRE Induces Endogenous Insulin Expression from hTEC-We further measured whether overexpression of AIRE in hTEC is capable of inducing the endogenous human insulin gene. First, we used transient transfection of AIRE and monitored insulin induction. RT-PCR analysis revealed the proper expression of WT or mutant AIRE transcripts; however, human insulin transcript was not induced (data not shown). Therefore, an adenoviral AIRE vector was used to infect hTEC versus Ad-LacZ negative control or transfection with a CMV-insulin cDNA as positive control (Fig. 2C ). Overexpression of AIRE 
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using an adenoviral vector is capable of inducing endogenous human insulin expression. AIRE and Mutated AIRE Proteins That Retain the LXXLL-3 Motif Can Effectively Bind to the INS-VNTR Probe-As a transcription regulator, AIRE is capable of binding to DNA and interacting with common co-activators like CREB-binding protein (CBP) (29, 30) . In our DNA pulldown assay, we showed that AIRE is capable of interacting with both the class I and III-VNTR insulin gene (16) . In this study we examined mutations in different domains of AIRE that could affect the AIRE binding to a biotin-labeled DNA probe, thereby negating its ability to initiate INS-VNTR activation. For AIRE to effectively mediate the expression of insulin, it must first interact and bind with the INS-VNTR. Biotin-labeled primers spanning the human insulin gene that covers the 5Ј-class I VNTR and the insulin basal promoter region were designed along with a pair of unrelated biotin-labeled primers to produce a biotin-labeled control probe (Fig. 3B ). Western blot analysis with an anti-AIRE antibody of AIRE-transfected cell lysate (Fig. 3A) and INS-VNTR probe (Fig. 3C ) or unrelated control probe ( Fig. 3D) with AIRE pulldown revealed that the AIRE protein binds to the DNA probe readily and not to the unrelated biotin probe. AIRE protein with point mutations in the HSR and PHD-1 domain L28P, L29P, W78R, L93R, C311Y, and P326Q are capable of binding the INS-VNTR DNA probe (Fig. 3C) . The mutations G228W and P252L that cause mutations within the SAND domain do not impede the AIRE binding efficiency to the INS-VNTR probe, revealing that the G228W mutant does not disrupt AIRE binding affinity to INS-VNTR. Mutations R257X, C311fsX376, and L397fsX478 that cause truncations of the protein with loss of the LXXLL-3 motif are unable to bind to the INS-VNTR probe, whereas the R433fsX502 truncation, which retains the LXXLL-3, is able to bind supporting a possible role for LXXLL-3 motif in INS-VNTR binding.
Dominant Negative AIRE Mutants Do Not Affect INS-VNTR Target Binding-Heterozygous WT and R257X, C311fs, L397fs, or R433fs were co-transfected into HEK293 cells and subjected to biotin-labeled INS-VNTR or control probe pulldown assay (Fig. 4 ). R257X mutant lowers WT AIRE pulldown, whereas C311fs, L397fs, and R433fs mutants do not affect WT AIRE binding to the INS-VNTR target. In contrast, WT AIRE retained L397fs mutant binding activity to the INS-VNTR target probably by forming the protein complex with WT AIRE.
Chimeric AIRE Demonstrates That the LXXLL-3 Motif Is Essential for INS-VNTR Binding-From the binding study, all three AIRE mutants, R257X, C311fsX376, and L397fsX478, failed to bind to the biotin-labeled INS-VNTR DNA probe. Consistently, these mutants are truncated AIRE without the LXXLL-3 motif. To determine if the LXXLL-3 motif is actually important for AIRE and INS-VNTR binding, we constructed two chimeric AIRE proteins, R257-LXXLL-3 and R257-LXXLL-3-PHD2 (Fig. 5A ). Testing the role of the LXXLL-3 motif in AIRE interaction with INS-VNTR, we performed either the INS-VNTR or control probe with the chimeric AIRE pulldown assay. Fig. 5B shows that chimeric AIRE R257-LXXLL-3 and R257-LXXLL-3-PHD2 are capable of binding to the INS-VNTR probe as they all contain the LXXLL-3 motif. The R257-LXXLL-3 is capable of binding the INS-VNTR without the amino acids 258 -396 or 434 -545, which contains the PHD1, PHD2, and LXXLL-4 motif. It appears that the LXXLL-3 motif (amino acids 398 -433) is important for the DNA binding ability of AIRE to INS-VNTR target, whereas the other portion of the C-terminal end is not needed. Our data reveal for the first time that using the specific INS-VNTR target, the SAND domain has little to do with DNA binding; instead, the LXXLL-3 motif contributes to the INS-VNTR DNA binding.
Both PHD1 and PHD2 Domains Are Important for INS-VNTR Activation-In Fig. 2A , WT and mutant AIRE shows that the PHD1 and LXXLL-3 motif alone are not sufficient to maintain INS-VNTR transcriptional activation as the R433fsX502 mutation contain both motifs but lack the PHD2 domain and failed to activate INS-VNTR. The two chimeric AIREs (R257-LXXLL-3 and R257-LXXLL-3-PHD2; Fig. 5A ) were also used to evaluate whether the LXXLL-3 motif and PHD2 domain could restore AIRE transcriptional activation of INS-class III-VNTRluciferase in the absence of the PHD1 domain. Each chimeric AIRE was transfected into hTEC with INS-class III-VNTR-luciferase and compared with the transcriptional activation with WT-AIRE. Fig. 5C shows that the chimeric AIRE R257-LXXLL-3 and R257-LXXLL-3-PHD2 are incapable of initiating transactivation of the INS-VNTR. This result demonstrates that the addition of the LXXLL-3 motif and/or PHD2 domain in the absence of the PHD1 domain is unable to restore transcriptional activity to the INS-VNTR. The entire C-terminal end from amino acids 296 to the end, which expresses the PHD1, LXXLL-3, PHD2, and LXXLL-4, are important and work together to facilitate the INS-VNTR activation.
Mutation in Different Functional Domains Interferes with AIRE Cellular Localization and the Formation of Clusters in the
Nucleus-AIRE transportation into the nucleus is important to its function as a transcription factor. If a mutation hinders the ability of AIRE to localize in the nucleus, it is then incapable of modulating gene expression of the INS-VNTR. Fig. 6 shows that the WT-AIRE protein localized in the nucleus of hTEC and in concentrated specks, forming nuclear bodies, but can also be found dispersed in the cytoplasm. Mutated AIRE protein with point mutations in the HSR domain (L28P, L29P, W78R, and L93R) are distributed throughout the cytoplasm with some presence in the nucleus but not found in the concentrated specks as WT-AIRE, which is consistent with HSR domain mutations causing drastic decreases in INS-VNTR activation. Our study showed cytoplasm distribution of L28P AIRE in clusters and was not as apparent as previously reported as totally diffuse in the cytoplasm and nucleus (31, 32) . The discrepancy could be due to the cell type difference and/or fluorescencetagged fusion L28P (7) . Mutations in the SAND domain 
. Transcriptional activities of INS-class III-VNTR-luciferase assay using WT or mutant AIRE in hTEC.
A, each mutant or WT AIRE cDNA (as homozygous AIRE) was co-transfected with the INS-class III-VNTR reporter vector into hTEC cells. TK-Renilla was used as an internal control. The 12 mutants' transcriptional activities were normalized with TK-Renilla for transfection efficiency and calculated relative to the WT AIRE (as 100%). The relative activity versus WT AIRE showed high significance with a p value of Ͻ0.01 for P252L and P326Q and a p value of Ͻ0.001 for the remaining mutants. B, equal amount of each mutant mixed with WT AIRE (as heterozygous AIRE) were co-transfected with INS-class III-VNTR reporter vector as above and presented as calculated relative luciferase activity to WT/WT (as 100%). The p value shows: *, Ͻ0.05; **, Ͻ0.01: ***, Ͻ0.001. C, the hTECs were infected with either Ad-LacZ or Ad-AIRE or transfected with CMV-INS cDNA for 3 days. The AIRE and the endogenous human insulin gene expression were measured using RT-PCR and real time PCR.
G228W and P252L did not prevent localization in the nucleus, whereas R257X only localized in the cytoplasm (Fig. 6) . Mutant G228W had a more dispersed pattern in the nucleus with nuclear bodies in the cytoplasm, whereas P252L formed the concentrated specks in the nucleus similar to WT-AIRE and retained higher transcriptional activation activity. PHD1 muta-tions, C311Y, C311fsX376, and P326Q localized in the nucleus with a combination of nuclear bodies and a diffused pattern, whereas L397fsX478 had a more dispersed pattern throughout the nucleus and cytoplasm. PHD2 mutation R433fsX502 localized in the nucleus and cytoplasm. AIRE mutations in certain domains resulted in inhibition of AIRE nuclear localization or disruption of a concentrated nuclear body aggregate pattern, which may contribute to the inactivity on the INS-VNTR target gene. Pitkänen et al. (32) observed that leptomycin B inhibits the CRM-1-mediated nuclear export pathway causing increased nuclear localization of AIRE and the importance of N-terminal in the nuclear export. We performed experiments to evaluate the effect of leptomycin B on AIRE to regulate the INS-VNTR transcription. Even leptomycin B is effective in increasing AIRE nuclear localization; it is non-functional in activating INS-VNTR transcription with either WT or mutant AIRE (data not shown).
Discussion
AIRE and INS-VNTR play a role in the differential expression of the human insulin gene in thymus and subsequently dictates insulin tolerance or autoimmunity induction. There- fore, it is highly significant to dissect the mechanism by which they interact and function as a modulator of insulin gene in thymus. The structurally defined functional domains in AIRE are a concrete starting point to investigate what is essential in AIRE to regulate insulin expression. In this study mutations in each domain of AIRE drastically reduced transactivation activity of AIRE on the INS-VNTR promoter except for one point mutation (P252L) in the SAND domain. Heterozygous expression of WT and mutated AIRE caused a decrease in transactivation activity when expressed with mutations in the SAND, PHD1, and PHD2 domains but not in the HSR domain. We identified five dominant negative mutations in the SAND (G228W and R257X), PHD1 (C311fsX376 and L397fsX478), and PHD2 (R433fsX502) for the INS-VNTR activation. In APS-1, the G228W mutation functions in a dominant negative fashion whose loss of transcriptional activity was defined by a conformational change in AIRE (19) . The G228W mutation was first reported as a dominant negative mutation and was found in an Italian kindred with APS-1, acting in a dominant fashion and strongly co-segregating with hypothyroid autoimmune thyroiditis (33) . An animal study using a G228W knock-in mouse model has shown that this variant acted in a dominant negative manner to cause a unique autoimmune syndrome (34) . A recent report has identified multiple cases and families with non-allelic mutations in AIRE with dominant inheritance (31) . They studied the AIRE dominant negative mutations in the PHD1 domain of APS-1 patients. Interestingly, we have identified four other dominant negative mutants that are specific to the INS-VNTR target. The additional dominate negative mutations identified in this study in AIRE when acting on the INS-VNTR transcriptional activation are mostly due to the truncations in the C terminus and hints to its impor-tance in transcriptional activation of INS-VNTR. The importance of the C terminus in transcriptional activation is not unexpected because the PHD2 domain is essential for AIRE transcriptional activation and is located at the end of the AIRE protein (35) . However, our study identifies that the C terminus is also involved in INS-VNTR DNA binding. Mutations in AIRE that retain the LXXLL-3 motif are capable of interacting with the INS-class I-VNTR probe denoting it is essential for INS-VNTR binding. The SAND domain has been implicated as the region of DNA binding for AIRE, with the KNKA motif (amino acids 244 -247) responsible for this interaction because of its similarity to the KNWK DNA modules in other SAND domains (9) . In contrast, SAND domain-mediated binding has been found to be nonessential to the recruitment of AIRE to TRA genes in chromatin (36) .
In our study we determined that the AIRE protein peptide located at amino acids 397-433 houses the LXXLL-3 motif and is essential for AIRE binding to the INS-VNTR promoter aside from other amino acid sequences that may contribute to its binding activity. The LXXLL motif was originally associated with protein-protein interactions that occur in cell signaling, cell adhesion, and regulation of transcription and translation (37) . AIRE contains four LXXLL motifs that are positioned throughout the AIRE protein and the function of LXXLL-2 and LXXLL-4 has been described in different mechanisms that promote or regulate transcription (35) . By utilizing chimeric AIREs, we were able to determine that the LXXLL-3 motif is essential for AIRE binding to the INS-VNTR promoter. To further analyze the functional domains important for the transcriptional activation, we compared four mutants with diminished transcriptional activity, R257X, C311fsX376, L397fsX478, and R433fsX502. R433fsX502 has minimal trun- cations mostly in the PHD2 and LXXLL-4 but still lacked transcriptional activity. Therefore, we generated another chimeric AIRE with the inclusion of LXXLL-3, PHD2, and LXXLL-4 (amino acid 397-545) to evaluate whether they can restore the binding as well as transcriptional activity. To our surprise, the AIRE peptide sequence (amino acid 397-545), although restoring the binding activity, did not restore the transcriptional activity, suggesting that the N-terminal portion of the AIRE including PHD1, LXXLL-3, PHD2, and LXXLL-4 is required for transcriptional activity on the INS-VNTR target. Proteins such as unmodified histone H3K4 (H3K4me0) and DNA-dependent protein kinase (DNA-PK) are needed for the AIRE recruitment and activity with TRA genes and have been shown to interact with the AIRE PHD1 domain (32, 38 -40) .
We have identified two critical components in AIRE that regulate insulin gene expression in thymic epithelial cells. One is the LXXLL-3 motif that is essential for DNA binding. The other is the C-terminal sequence (amino acid 296 -545) critical for transcriptional activation of INS-VNTR. However, a group of mutants in the HSR domain (L28P, L29P, W78R, and L93R) contain both the LXXLL-3 motif and C-terminal sequence (amino acid 296 -545) but still lack transcriptional activity. The N terminus of AIRE contains the HSR domain, two LXXLL motifs, and a nuclear localization sequence. The nuclear localization sequence is responsible for nuclear localization, but the HSR has a nuclear export signal that can function in the absence of the nuclear localization sequence. It is believed that the shuttling of AIRE between the nucleus and the cytoplasm may play a role in the regulatory mechanisms for AIRE function (32) . Our cellular localization data revealed that mutations in the HSR domain disrupted AIRE localization and pattern formation in the nucleus of hTEC revealing an unambiguous reason for the drastic decrease of transcriptional activation of AIRE on the INS-VNTR. The AIRE ability to localize in the nucleus is important to its function as a transcription factor. If AIRE is unable to localize in the nucleus, the activation activity would be impaired. Other mutations, C311fsX376 and R433fsX502, although they retain a nuclear localization pattern still displayed a drastically decreased transcriptional activation probably due to the protein truncation of PHD1/2 domain and/or the loss of DNA binding capacity. The C311Y and P326Q point mutations have some disruptions of the nuclear body pattern formation, which could have contributed to the 59 and 48% decrease in transcriptional activation. The cellular localization is disrupted in mutants G228W, R257X, and L397fsX478, and the transcriptional activation was also diminished. Thus, all three components including the DNA binding region, transcriptional activation domain, and the nuclear localization pattern are important to maintain the AIRE function in modulation of the INS-VNTR target.
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